Introduction
XICs (Rastan, 1983) .
Further evidence implicating the XIC in establishing XX female mammals achieve dosage equivalence with appropriate random X inactivation patterns comes from XY males by transcriptional silencing of a single X chrostudies of the X-controlling element (Xce) alleles in mice. mosome (X inactivation) (Lyon, 1961) . This process initi-
The Xce locus maps to the critical XIC region (Cattanach ates early in embryogenesis, and the inactive state is and Papworth, 1981; Simmler et al., 1993) , and animals then stably inherited through subsequent cell divisions.
heterozygous at Xce display skewed X inactivation patStudies on X:autosome translocations have demonterns (Cattanach et al., 1969; Drews et al., 1974 ; Johnstrated that X inactivation is mediated by a single cisston and Cattanach, 1981) . There is evidence that this acting master switch locus termed the X inactivation is a primary effect, biasing the initial choice of which X center (XIC) (Russell and Montgomery, 1965) . The XIC chromosome is elected to be active (Rastan, 1982b) . is required both for initiation of X inactivation early in Thus, the XIC is implicated in governing the choice of development and for the cis-limited spread of inactivahow many, and which, X chromosomes become inactive tion along the length of the X chromosome (reviewed in and in the propagation of inactivation along the X chro- Rastan and Brown, 1990) . Recent evidence suggests mosome in cis. that the XIC is not required for the maintenance of the A positional cloning approach led to the isolation of inactive state (Brown and Willard, 1994; Rack et al., the X inactive specific transcript (XIST/Xist) gene, which 1994).
exhibits the unique characteristic of being expressed In early mouse embryogenesis, initiation of X inactivaexclusively from the inactive X chromosome (X i ) (Borsani tion occurs in two waves. First, in blastocysts, cells et al., 1991; Brockdorff et al., 1991; Brown et al., 1991a , of the trophectoderm and primitive endoderm lineages 1991b). Further analysis revealed that the XIST/Xist gene produces a large nonprotein coding transcript that is retained in the nucleus in close association with X i ‡ Present address: Comparative Genetics, Biopharm R&D, Smith- (Brockdorff et al., 1992; Brown et al., 1992 cells has demonstrated that steady-state levels of Xist § To whom correspondence should be addressed.
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transcript increase at the time of onset of X inactivation, supporting a role for Xist in initiation of X inactivation (Kay et al., 1993) . These results suggested that initiation of X inactivation could be attributable to the determination of how many, and which, Xist alleles are up regulated (or blocked).
Recently we demonstrated that Xist is required in cis for X inactivation using gene targeting in XX ES cells (Penny et al., 1996) . A subsequent study demonstrated that inheritance of a disrupted Xist allele on X p causes lethality in XX embryos owing to failure of imprinted X inactivation (Marahrens et al., 1997) . Interestingly, disruption of Xist did not cause complete failure of X inactivation in either case. This phenotype would be expected if the counting function of the XIC had been disrupted, as exemplified by the HD2 XX ES cell line, which carries a large deletion on a single X chromosome (Rastan and Robertson, 1985) . These results therefore suggest that the counting and cis propagation functions of the XIC are genetically separable. A plausible explanation is that numerated XIC sequences reside in upstream (or downstream) regulatory elements that influence Xist expression. Consistent with this, differentiated XY ES cells bearing an ectopically integrated YAC clone encompassing Xist sometimes express both the ectopic and endogenous genes (Lee et al., 1996; Lee and Jaenisch, 1997) . This observation suggests that the ectopic Xist to the onset of inactivation (Kay et al., 1993; Buzin et pBluescript (pBS) plasmid DNA (10 g). A shorter exposure time is Beard et al., 1995; Keohane et al., 1996; Panillustrated Figure 1A . Surprisingly, we stabilization of the X i allele occurs prior to silencing of found that de novo synthesized transcript is detectable the X a allele both in differentiating ES cells and at the at similar levels in all cell lines indicating approximately onset of random X inactivation in vivo. We discuss the equivalent transcription rates. Quantitation of this data implications of these findings for models of initiation of was obtained by normalizing values for Xist relative to X inactivation. three control genes. As the transcription rate for control genes may vary slightly between cell lines, the mean of Results these normalizations provides the most accurate estimate of relative Xist transcription rates ( Figure 1B 1996, and see Figure 3 ). These findings suggest that a sequence in an expressed sequence tag database (Simmler et al., 1996) . We detected RT-PCR product in developmental up-regulation of steady-state X i transcript cannot be accounted for by increased tran-XX somatic cells using primers in mouse exon VI and the putative exon VIII, although this required 60 PCR scription.
Next we analyzed Xist transcript stability in the differcycles. Sequencing of the 709 bp product amplified with primer set 4 revealed that it is derived from a splice ent cell types by carrying out RNA slot blot analysis on cells treated for various periods of time with the acceptor site in a conserved position in exon VI relative to the human gene (not shown). The product was also transcriptional inhibitor Actinomycin D (Figure 2A ). Quantitation of this data is shown in Figure 2B . It has amplified from XX but not from XY ES cell cDNA. These observations indicate that this is a rare splice variant been shown previously that human XIST RNA is highly stable in XX somatic cells (Clemson et al., 1996) . Consisboth in XX somatic and ES cells and, in our view, is unlikely to mediate differential stability of Xist RNA. tent with this, we obtained a t 1/2 value for XX somatic cells of 5-7 hr (based on results from two independent experiments). In marked contrast, the value obtained for Persistent X a Transcription Following the Onset of X Inactivation in Differentiating XX ES Cells XY ES cell transcript was 20-30 min. A slightly higher value was obtained for XX ES cells (t1/2 ϭ 30-45 min),
To investigate further the above findings we analyzed Xist expression in ES cells using RNA FISH. Previous which may be attributable to a contribution of stable transcript from a small number of differentiated cells. studies in human and mouse cells have shown that accumulated Xist RNA is detected as a single large nuclear Similar t1/2 values were obtained using the transcriptional inhibitor 5,6-dichloro-␤-D-ribofuranosylbenzimidazole domain signal in interphase XX somatic cells (henceforth referred to as accumulated signal) and that this corre-(DRB) (30-45 min in XY ES cells and Ͼ6 hr in XX somatic cells, data not shown). Quantitative data from untreated sponds with the domain occupied by the inactive X chromosome (Clemson et al., 1996; Lee et al., 1996) . cells was used to calculate absolute levels of Xist transcript in the different cell types. On this basis, we estiThis pattern is illustrated in Figure 3A . In XY ES cells, Xist transcripts are seen as a single punctate nuclear mate that Xist transcript levels are 10-to 20-fold higher in XX somatic cells relative to XY ES cells. Significantly, signal ( Figure 3B ), while punctate Xist signal from both alleles is seen in XX ES cells ( Figure 3C ). Xist signal is these results suggest that up-regulation of Xist RNA at the onset of X inactivation can be accounted for solely observed in the majority of individual ES cells, contrasting with nuclear transcript for the X-linked Pgk-1 by increased stability of the transcript.
To investigate whether there are differences in progene, which is only detectable in approximately 35% of cells. These observations are in close agreement with cessing of the ES and XX somatic cell transcripts, we carried out RT-PCR analysis across the length of the previously reported findings (Panning and Jaenisch, 1996) . In light of our data on transcription rates and gene ( Figure 2C ). RT-PCR product was readily detected in all samples using primers in the large exons I and VI, transcript stability, we propose that the punctate ES cell signal represents ongoing transcription and processing and appropriately spliced product was detected using primers spanning exons II-V. It has been shown recently of unstable Xist RNA. In the course of analyzing XX ES cells, we observed that genomic sequence 3Ј to Xist shows homology to human XIST exon 8 (exons 7 and 8 of the human XIST that a small proportion of cells had undergone differentiation and displayed accumulated Xist signal on one algene are utilized in rare transcripts, [Brown et al., 1992] ) and, furthermore, that the mouse sequence matches lele. Some cells displayed Xist transcript accumulation signal alone, on the other hand, only begins to increase ES (n ϭ 289); 1d (n ϭ 336); 1.3d (n ϭ 102); 2d (n ϭ 250), 3d (n ϭ 364), 4d (n ϭ 326), 5d (n ϭ 209), and 6d (n ϭ 211). Figure 3D ). As X i Pgk-1 transcript Unstable X a Transcript Is Detectable Following the Onset of X Inactivation In Vivo is never detected in XX somatic cells, we propose that these cells are at an early stage in the inactivation proTo determine whether retention of X a transcription is a property peculiar to differentiating XX ES cells, we went cess. We also noted that the majority of differentiating cells showed a punctate Xist signal corresponding to on to use RNA FISH to analyze embryos at different stages of development. Initially we analyzed postimthe X a allele, in addition to the accumulated transcript on X i ( Figure 3D ). This observation suggested that perplantation embryos between 5.5 and 8.5 dpc, the period when random X inactivation occurs in cells of the emsistent X a transcription represents an intermediate stage in the initiation of X inactivation. Punctate Xist signal on bryo proper. XX and XY embryos could be readily distinguished based on Xist expression patterns. This was the X a allele was absent in some differentiating cells, possibly reflecting a later stage in the inactivation proconfirmed for a number of the 6.5-8.5 dpc embryos by PCR analysis of ectoplacental cones using primers for cess ( Figure 3F ).
To investigate this further, we scored Xist RNA expresthe Y-linked gene Zfy-1 (data not shown). Examples of the RNA FISH analysis are illustrated in Figures 4A-4F . sion patterns in XX ES cells differentiated for various In interpreting this data, it is important to note that a cells exhibiting punctate signal and/or accumulated sigproportion of cells at these stages are of extraembryonic nal ( Figure 5G ) and cells exhibiting punctate signal on origin and therefore would have undergone imprinted X one or both alleles ( Figure 5H ). These patterns most inactivation at 3.5-4.5 dpc.
likely represent differentiated trophectoderm cells and The results, summarized in Figure 4G , strongly sugtotipotent inner cell mass (ICM) cells, respectively. gest that, as with differentiating XX ES cells, the transiPunctate X m signal was only observed in some cells in XY tion from an XX ES cell-like pattern to an XX somatic blastocysts ( Figure 5I ). Similar patterns were observed in cell pattern occurs via an intermediate state in which 4.5 dpc hatched blastocysts ( Figures 5J and 5K) , except the X a allele continues to produce unstable transcript. that presumptive ICM cells in XX embryos always exhibThus, in XX embryos the frequency of cells exhibiting ited two punctate signals ( Figure 5J ). The results obtwo punctate signals ( Figure 4B ) or punctate and accutained in these experiments are summarized in Table 1 . mulated signal ( Figures 4A and 4D ) decreased, while the Taken together, our observations suggest that accufrequency of cells exhibiting only accumulated signal mulated X p transcript is present in 8-16 cell embryos, ( Figure 4E ) increased, representing the majority of cells and it is likely that this underlies preferential X inactivaby 8.5 dpc. Persistent X i transcription occurs over the tion of X p in trophectoderm and primitive endoderm cells same developmental period in XY embryos. Thus, in 5.5 of the blastocyst. Subsequent destabilization of X p trandpc XY embryos, 58% of cells exhibited punctate X a script, possibly coincident with increased production of signal ( Figure 4C) , and the proportion then decreased unstable X m transcript, then occurs in ICM cells of the until at 8.5 dpc Xist signal was undetectable in the majordeveloping blastocyst. These events could represent ity of cells ( Figure 4F) . Thus, the ultimate repression of the erasure of the Xist imprint that has been hypothethe X a Xist allele is not a function of X inactivation per sized to occur prior to the onset of random X inactivation se but rather represents a developmentally regulated in cells of the embryo proper ; Norris et step preempted by persistent expression of unstable al., 1994). transcript.
In a final series of experiments, we analyzed Xist transcript in preimplantation embryos. Our previous RT-PCR Discussion data demonstrated that Xist transcript is detectable from the 4-to 8-cell stage onward and occurs predomiIn this study, we have demonstrated that the increased nantly from X p in XX embryos (Kay et al., 1993 . steady-state level of Xist RNA observed at the onset Again, XX and XY embryos could be readily distinof random X inactivation may be solely attributable to guished on the basis of Xist expression patterns (see increased transcript stability. Using RNA FISH, we have Figures 5A-5D ). In XX 8-16 cell embryos, we observed shown that unstable Xist RNA is detectable from both strong Xist signal on one allele resembling the pattern alleles in XX ES cells and that, following differentiation, seen in XX somatic cells (Figures 5A and 5B ). This strong stabilization of transcript on the Xi elect occurs prior to signal presumably represents accumulated (stable) trantranscriptional silencing of the X a allele. We have shown script produced by the X p allele. A punctate signal was further that persistence of X a transcription occurs followonly seen in some cells ( Figure 5E ), suggesting that while ing the onset of random X inactivation in vivo. These Xist transcription from X m does occur at this stage, it is observations have important implications in terms of at a relatively low level. Consistent with this, punctate models for the processes of X chromosome numeration X m signal was also observed only in some cells in XY and choice, which underlie initiation of appropriate X 8-cell embryos ( Figure 5F ). In early-mid stage XX blastocysts ( Figure 5D ), we observed two types of pattern:
inactivation patterns. Regulation of Steady-State Xist RNA Levels distinguish between nuclear-or cytoplasmic-mediated RNA decay in ES cells. If ES cell transcript is transported Studies to date have shown that low levels of Xist RNA are detectable in ES cells prior to the onset of X inactivainto the cytoplasm and rapidly degraded, then stabilization and nuclear retention in somatic cells may occur tion and that, following differentiation, X i transcript levels increase markedly (Kay et al., 1993; Buzin et al., 1994;  because the RNA is diverted from the normal cytoplasmic transport route. Beard et al., 1995; Keohane et al., 1996; Panning and Jaenisch, 1996) . Formerly, increased X i transcript levels could be attributable to increased activity of the Xist Implications for Models of Initiation of X Inactivation promoter, increased stability of X i transcript, or a combination of both (Hendrich et al., 1997 ). Although we canWe interpret our observations on postimplantation embryos and differentiating XX ES cells as indicating that X a not rule out the possibility that transcriptional regulation plays a modest contributory role, quantitative data from transcription persists for a period of 1-2 days following stabilization of the X i allele. This has important implicaour nuclear run-on and RNA stability experiments suggests that developmental up-regulation may be solely tions in terms of models for the initiation of random X inactivation. There are two models that can be postuattributable to increased transcript stability. This conclusion is supported by the observation that Xist reporter lated in light of our observations ( Figure 6 ). The first model ( Figure 6A ) assumes that there are no structural constructs exhibit constitutive activity in ES cells (Sheardown et al., 1997; S. A. S, unpublished data) and in differences between the unstable transcript produced in ES cells and the stable transcript in XX somatic cells. somatic cells (Hendrich et al., 1997; Sheardown et al., 1997) .
The difference we observed in steady state RNA levels between XY ES cells and the XX somatic cell line C127 is relatively small (15-fold). A previous estimate, based on semiquantitative RT-PCR, suggested a difference in steady-state levels of 2-3 orders of magnitude between ES cells and differentiated embryoid bodies (Keohane et al., 1996) . In contrast, Buzin et al. (1994) , using the quantitative single nucleotide primer extension method, estimated an increase of only 10--20-fold in differentiating XX ES cells. The reason for these discrepancies is unclear but may relate to inaccuracies inherent in semiquantitative PCR approaches or, alternatively, to cell type-specific effects. In this context, it should be noted that Xist transcript levels in XX somatic cells from different mouse strains show considerable variation. There is some evidence that this relates to the strength of Xce alleles (Brockdorff et al., 1991; Buzin et al., 1994) . It will be important to reinvestigate this in light of the results presented here.
A number of mechanisms that regulate transcript stability have been described (reviewed in Sachs, 1993, and Ross, 1996) . In general, these mechanisms are tide, whereby structural differences in the 3Ј UTR result stabilizes and accumulates in cis. Transcription from the X a allele in differential transcript stability (Chew et al., 1994) . We The second model ( Figure 6B) chromosomes are active at the 8-to 16-cell stage (Epstein et al., 1978) , accumulation of the X p transcript re-
RT-PCR
quires explanation. One possibility is that the degree of Preparation of cDNA and RT-PCR analysis was carried out as deaccumulation is not equivalent to that seen in XX soscribed previously (Kay et al., 1993) . Standard conditions for PCR matic cells. Alternatively, factors produced upon differwere: denaturation at 94ЊC for 3 min; 30 cycles of 94ЊC, 1 min; 55ЊC, 1 min; 72ЊC, 2 min, extension at 72ЊC for 10 min for primer pairs 1 entiation of totipotent cells may be required for Xist RNA and 3; and 60 cycles were used for primer pairs 2 and 4.
binding to the X chromosome to result in inactivation. Double-labeling experiments to determine whether the X p signal colocalizes with the entire X chromosome may mented with 1000 U/ml leukemia inhibitory factor (LIF) on baked
In summary, the data presented here indicate that glass slides coated with 0.1% gelatin. ES cells were differentiated regulation of Xist RNA stability underlies the process of by growing in tissue culture dishes in EB media (Penny et al., 1996) . initiation of X inactivation. A fuller understanding of the The cells were harvested at each time point, resuspended in PBS molecular mechanism will require discrimination beat 2 ϫ 10 5 cells/ml, and 100 l cytospun onto baked glass slides at tween the above models.
250 rpm for 4 min (Shandon Cytospin). Preimplantation embryos were flushed from oviducts or uterus and zona pellucida removed at the appropriate stages as described
Experimental Procedures
in Hogan et al. (1994) . Postimplantation embryos were dissected from maternal tissue and Reichert's membrane and ectoplacental Cell Lines ES cell lines used in this study were the PGK12.1 XX ES cell line cone removed as described (Beddington, 1987) . Embryo collection was performed in DMEM ϩ 10% FCS. Embryos (including 4.5 dpc , Efc-1 XY ES cells, and LF2 XX ES cells (provided by A. G. Smith). ES cells were maintained and differentiated as hatched blastocysts) were disaggregated by incubation in Trypsin-EDTA followed by pipetting up and down. This was performed inidescribed previously (Penny et al., 1996) . The XX somatic cell line (C127) was maintained as described in Jeppesen and Turner (1993) .
tially with a fine, hand-pulled glass pipette with an internal diameter of 50-100 m, followed by a glass micropipette of internal diameter 30-40 m, made as described in Beddington (1987) . The disaggreNuclear Run-On Assay Transcriptionally active nuclei were released from subconfluent ES gated cells were transferred to siliconized cytofunnels containing 100 l of DMEM ϩ 10% FCS and collected on Superfrost Plus glass or XX somatic cell cultures by incubating for 3 min in lysis buffer (5 mM MgCl 2; 3 mM CaCl2, 2 mM Tris-HCl [pH7.5]; 1 mM DTT; 0.15% slides (BDH) by cytospinning at 800 rpm for 4 min. The 2.5 dpc and 3.5 dpc embryos were cytospun without disaggregation. The Triton X-100), followed by Dounce homogenization (ten passes with a B pestle). Lysate was incubated on ice for 5 min, sucrose solution embryo slides were fixed and stored as described below.
